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Abstract
We present a novel scheme where Dirac neutrinos are realized even if lepton number violating Majorana
mass terms are present. The setup is the Randall-Sundrum framework with bulk right handed neutrinos.
Bulk mass terms of both Majorana and Dirac type are considered. It is shown that massless zero mode solu-
tions exist when the bulk Dirac mass term is set to zero. In this limit, it is found that the effective 4D small
neutrino mass is primarily of Dirac nature with the Majorana type contributions being negligible. Interest-
ingly, this scenario is very similar to the one known with flat extra dimensions. Neutrino phenomenology
is discussed by fitting both charged lepton masses and neutrino masses simultaneously. A single Higgs
localised on the IR brane is highly constrained as unnaturally large Yukawa couplings are required to fit
charged lepton masses. A simple extension with two Higgs doublets is presented which facilitates a proper
fit for the lepton masses.
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1. As of today, we have no experimental indication whether neutrinos are of Majorana type
or the Dirac type. On the theoretical side, models of both Dirac and Majorana type have been
considered. The popular seesaw mechanism with lepton number violation in the right handed
neutrino sector [1] leads to small Majorana type masses for the left handed neutrinos. Dirac type
neutrinos on the other hand traditionally require lepton number conservation. In most models
either this conservation is imposed by hand/construction or is a residue of some larger flavour
symmetry [2–15]. Conservation of global quantum numbers like lepton number is typically dis-
favored theoretically due to arguments based on quantum gravity and worm holes [16]. For this
reason, Dirac neutrinos are considered to be some what unnatural.
One possibility could be that lepton number is violated only by Planck scale operators. If
these operators are then some how suppressed, this would naturally pave way for Dirac neutrino
masses 1. In four dimensions the impact of the lepton number violation at the Planck scale is
characterized by the effective operator LH.LH/MP l at the weak scale. This leads to corrections
to the neutrino mass matrix ∼ O(10−3) eV if one assumes O(1) coefficients. In higher dimensions
explicit constructions can be done with specific Planck scale lepton number violating operators
and their impact on weak scale physics can be studied. In fact in a particular example presented
in [18] it has been shown that lepton number violation at the Planck scale can almost be hidden
from weak scale physics.
In this case, a Randall-Sundrum (RS) [19] setup with two branes located at the two orbifold
fixed points is considered. The two fixed points, located at the y = 0 and y = πR are identified
with the UV ∼MP l and the IR ∼ TeV scales respectively. The line-element for the RS background
is given as
ds2 = GMNdx
MdxN = e−2σ(y)ηµνdx
µdxν − dy2 (1)
where σ(y) = k|y|. Fermions and gauge bosons are allowed to propagate in the bulk while the
Higgs is localized on the IR brane It has been shown that in the limit when the right handed
neutrinos are highly IR localized, whereas the Majorana mass terms are localised on the Planck
brane, lepton number violating effects in effective neutrino mass matrix in four dimensions are
highly suppressed. Neutrino masses can be of Dirac type by localised operators on the IR brane
[18]. The main idea here being that the geometric ‘separation’ of the fields and the lepton number
violating operators leads to suppressed effects of the latter in the effective neutrino mass matrix. In
1 It should be noted that an alternate approach would be to consider discrete flavour symmetries which are imposed
to avoid Majorana mass terms and thus leading to Dirac neutrino masses [17].
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the present letter we present a novel way of realizing Dirac masses in the same RS setup. We will
consider dimensionful Majorana mass terms as lepton number violating operators. In particular
we show that the lepton number violating operators need not be localized on the UV brane but
instead can be present in the bulk. The magnitude of the operators can be as large as the Planck
scale. The 4D neutrinos are almost Dirac like, in the limit when the bulk Dirac mass terms for the
right handed neutrinos are set to zero. Interestingly this case is very similar to the case discussed
in flat extradimensions.
2. Extra space dimensions offer a new way of looking at the fermion mass hierarchy in the SM.
Fermion bulk wave-functions are ‘split’ and are localized at different points in the extra-dimension
[20]. The point of localization is determined by the bulk Dirac mass parameters introduced sep-
arately for the left and right components of the 5D matter fields. The overlap of the zero mode
wave-functions with the Higgs field determines the effective four dimensional Yukawa coupling of
the fermion. In the Randall-Sundrum setup, where the bulk geometry is warped, localization of
the fermions is natural; the point of localization is again determined by the bulk Dirac mass terms.
Neutrinos are however different from other matter fields as they allow both Dirac and Majorana
mass terms. The profile of the zero mode crucially depends on the interplay between these two
terms and the boundary conditions one chooses.
We now give a brief review of bulk (right handed) neutrino fields in the RS set up. This case
has been discussed in several papers [18, 21–28]. The leptonic and the quark part of the action is
given by
SN = SKinetic +
∫
d4x
∫
dy
√−g
[
1
2
(
mMN¯N
c + h.c.
)
+ . . .
+
(
YN L¯H˜N + YEL¯EH + . . .
)
δ(y − πR)
]
SKinetic =
∫
d4x
∫
dy
√−g ( Q¯(i /D −mQ)Q+ u¯(i /D −mu)u+ d¯(i /D −md)d
+ N¯(i /D −mN )N + L¯(i /D −mL)L+ E¯(i /D −mE)E
)
. (2)
where the covariant derivative is defined ass
DM = ∂M +ΩM +
ig5
2
τaW aM(x, y) +
ig′
2
QYBM (x, y) (3)
with ΩM = (−k/2e−kyγµγ5, 0) being the spin connection and QY is the hypercharge. M is the five
dimensional Lorentz index. In the above, N ( E ) are the neutrino (charged lepton ) singlet fields,
L are the lepton doublet fields and the Higgs field, is denoted by H with H˜ = iσ2H
∗. Generation
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indices have been suppressed. The bulk mass parameters for the N fields are mM (mN ) for the
Majorana (Dirac) type. Here N c = C5N¯
T with C5 being the five-dimensional charge conjugation
matrix2. mL(mE) stands for the bulk (Dirac type) mass terms of the doublet (singlet) fields.
All the bulk mass parameters are expressed in terms of the so called c parameters, for example,
mM = cMk, with k being the reduced Planck scale. Similarly, mN = cNk etc
3. YN,E are the
Yukawa parameters with mass dimensions, [Y ] = −1. Finally, let us note that in the above action
we assumed the Higgs field to be localized on the IR brane.
The bulk fields can be Kaluza-Klein (KK) expanded in terms of their four dimensional fields
and profiles in the fifth direction. For the discussion relevant here, we consider the expansions of
N and L fields as:
N(x, y) =
∞∑
n=0
e2σ(y)√
πR
(
N
(n)
1 (x)g
(n)
1 (y) +N
(n)
2 (x)g
(n)
2 (y)
)
L(x, y) =
∞∑
n=0
e2σ(y)√
πR
(
L
(n)
L (x)f
(n)
L (y) + L
(n)
R (x)f
(n)
R (y)
)
(4)
where N
(n)
1 (x) and N
(n)
2 (x) are the two Weyl components of the neutrino singlet field with g
(n)
1 (y)
and g
(n)
2 (y) representing their profiles in the y direction
4. Similarly, for the L field, L
(n)
L (x) and
L
(n)
R (x) represent the Weyl components along with f
(n)
L (y) and f
(n)
R (y) represent the respective
profiles. The profiles can be derived from the action after imposing the ortho-normality conditions.
For the KK modes of the N field, the profiles are the solutions of the following couple differential
equations [21]
(∂y +mN )g
(n)
1 (y) = mne
σg
(n)
2 (y)−mMg(n)2 (y)
(−∂y +mN )g(n)2 (y) = mneσg(n)1 (y)−mMg(n)1 (y) (5)
A crucial point to note is that zero mode solutions, mn = 0 in the set of equations in Eq.(5), are
not consistent with the boundary conditions at the orbifold fixed points[21]. Solutions however do
exist for higher modes and they can be obtained numerically. A detailed phenomenological analysis
can be found in [28].
3. Let us now revisit the result of Ref.[18] where Dirac neutrinos are realized in the above
RS setup with Majorana operators. Zero mode solutions for Eq.(5) are however possible if the
Majorana mass terms are localized on the UV or IR boundary. For the case where they are
2 C5 is taken to be C4.
3 In the following, we will consider all the mass parameters to be real.
4 We will specify the Z2 properties of these components separately for each case we consider.
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confined to the UV boundary, the bulk eigenvalue equations for the N fields in Eq.(5) simply
reduce to
(∂y +mN )g
(n)
1 (y) = mne
σg
(n)
2 (y)
(−∂y +mN )g(n)2 (y) = mneσg(n)1 (y) (6)
Analytical solutions can easily be derived for mn = 0. Lets consider N1 component to be even
under the Z2 symmetry and N2 component to be odd. The profile of N
(0)
1 = N1 is given by
g
(0)
1 (y) = g1(y) = NNe−cNky, where as the Z2 odd field, N2, has no zero modes. The normalization
factor NN is given as
NN =
√
0.5− cN
ǫ2cN−1 − 1 (7)
where ǫ = e−kRπ. For a regular RS setup kR ∼ 11.4, which implies ǫ ∼ 10−16. It should be noted
that profiles of the zero modes of L,E fields also carry the same form. The zero mode of N1 field
picks up a Majorana mass due to the localised term at the UV boundary given by:
mN(0) ∼ mMg1(0)2 (8)
Assuming cN < 0.5 and mM ∼ k, the above equation becomes
mN(0) ∼ k (0.5 − cN )e−(1−2cN )kRπ
∼ 1 TeV ǫ−2cN (9)
where kǫ ∼ 1 TeV. To analyze the neutrino mass matrix, we should also consider the IR brane
localised terms, the second line of Eq.(2), generated from the Yukawa interaction. These are Dirac
mass terms and are given by
m
(0,0)
Dν
=
v√
2
g1(πR)Y
′
NfL(πR) (10)
where the O(1) parameter Y ′N = 2kYN and f (0)L = NLe−cLky denotes the zero mode profile of the
doublet. The resultant neutrino mass matrix (with one KK mode ) has Type-I seesaw structure.
In the basis ηT = {ν(0)L , N (0)1 }, the Majorana mass to the lowest order is given as
Lm = −1
2
ηTMνη ; Mν =

 0 mDν
mDν mN(0)

 (11)
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where we have assumed one flavour for simplicity. From Eq.(9) we see that as cN → −∞,mN(0) → 0
5. Note that this limit holds while cM is taken to be O(1) and the Majorana mass terms can be
O(MPL). As a result the Majorana mass for the right handed neutrino almost vanishes. In this
limit, the eigenvalues of the neutrino mass matrix in Eq.(11) are ±m(0,0)Dν . This implies that the
localization of the zero mode of the neutrino singlet very close to the IR brane results in its
negligible overlap with the lepton number violating operator situated on the UV brane. The small
neutrino masses are determined entirely by the brane localized Yukawa coupling in Eq.(2) thus
attributing a Dirac nature to the neutrinos.
4. We now discuss the alternative possibility of realizing Dirac neutrinos in the presence of
lepton number violating terms. However we will assume mN = 0 in Eq.(2). Bulk flavour symmetry
groups can be imposed to achieve this limit. For example consider the following bulk flavour
symmetry group for leptons
Glepton ≡ SU(3)L × SU(3)E ×O(3)NR (12)
The transformation of the leptonic fields under Glepton is given as
L ∼ (3, 1, 1) E ∼ (1, 3, 1) NR ∼ (1, 1, 3) NLi ∼ (1, 1, 1) (i = 1, 2, 3) (13)
Note that we have given different representations for the left and right chiralities of the N field.
The Z2 odd field NL is considered to transform as a singlet under O(3). This choice leads to a
vanishing bulk Dirac mass (mN = 0) for the singlet field. In this case, the Majorana mass terms
are no longer localised on the UV brane, but are present in the bulk. In this limit where the bulk
Dirac mass for N vanishes, the solutions to Eq.(5) are simple to obtain and are given as
g
(n)
1 (y) = ξ sin(
mne
σ
k
−mMy),
g
(n)
2 (y) = ξ cos(
mne
σ
k
−mMy) (14)
where ξ ∼ √πRke−0.5σ(πR). Imposing proper boundary conditions we can project out the Z2 odd
components on the boundary. For example, we choose as before that the N2 component is Z2 odd
and N1 is the Z2 even component. The boundary conditions for which the Z2 odd part say g2
vanishes on the boundary are given as
mne
σ
k
−mMπR = (2n + 1)π
2
(15)
5 Note that cN ∼ −1 is sufficient to make mN(0) insignificant.
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where n=0,1,2. . . . The zero mode6(n = 0, massless solutions) can exist if mM takes values mM =
−1
2R . In this case, we have
g
(0)
1 (y) = ξ sin(−mMy)
g
(0)
2 (y) = ξ cos(mMy) (16)
This corresponds to cM =
−1
2kR . The masses of the higher KK modes are determined from the
boundary conditions in Eq.(15) and are given as
mn ∼ nkπǫ ; n = 1, 2, 3 . . . (17)
Unlike the other RS fields, the KK modes for the N field are regularly spaced at 1π TeV, 2π TeV
etc. This reminds us of the KK bulk fields in Arkani-Hamed, Dimopouplos, Dvali (ADD) models
[29, 30]. Thus if one considers bulk Majorana mass terms instead of Dirac mass terms, the profiles
in the bulk for the zero and higher modes are periodic.
Let us consider the total neutrino mass matrix in this case. In the basis, χT =
{ν(0)L , N (0)1 , N (1)1 . . .} the neutrino mass matrix takes the form
Lm = −1
2
χTMχ ; M =


0 m
(0,0)
Dν
−m(0,1)Dν m
(0,1)
Dν
. . .
m
(0,0)
Dν
0 0 0 . . .
−m(0,1)Dν 0 m1 0 . . .
m
(0,1)
Dν
0 0 m2 . . .
...
...
...
...
. . .


(18)
where the 4D Dirac mass for the neutrino induced on the IR brane is given as
m
(0,0)
Dν
=
v√
2
Y ′N
√
0.5− cL
ǫ2cL−1 − 1ǫ
cL−0.5 (19)
where Y ′N = 2kYN and |m(0,0)Dν | = |m
(0,i)
Dν
| ∀ i ≥ 1. The form of this mass matrix is very similar
to the one with bulk right singlet neutrinos and brane localised left handed doublet lepton fields
in flat extra dimensions considered in Ref.[8]. The analysis of Ref. [8] can be used to find the
eigenvalues of the mass matrix (18).
If there are n0 KK modes in the theory, the effective neutrino mass matrix in the basis
(ν
(0)
L , N
(0)
1 ), after integrating our the KK modes is given as [8]
Meff =

 a0 m(0,0)Dν
m
(0,0)
Dν
0

 (20)
6 In principle massless modes are also possible by choosing mM =
−p
R
where p ∈ Z+.
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where a0 ∼ −m2Rǫ lnn0. The neutrino mass eigenvalues can be written as
mν ∼ ±m(0,0)Dν −
m2R
ǫ
lnn0 (21)
In the limit where a0 ≪ mD(0,0)ν , neutrinos are automatically Dirac-like. The second term in
Eq.(21) is the Majorana “seesaw” like terms which is a result of integrating out heavy KK modes.
In contrast with the ADD case, this limit is natural in the RS case. In the RS case, R is small,
∼ 1
k
, which makes the contribution from the Majorana term negligible. This result holds even for
a large n0 ∼ 1018. On the other hand, in the ADD case, a very large radius, R ∼ eV−1 is required
to have a large contribution from the “seesaw” term in the limit n0 becomes very large. m
(0,0)
Dν
can
be made small ∼ matm by choosing cL values appropriately. For example, this can be achieved by
localizing the leptonic doublets close to the UV brane.
Finally let us note that the above situation can be easily generalized to three generations with
three bulk right handed neutrinos. In the next section we discuss neutrino phenomenology in detail.
5. We simultaneously fit neutrino mass differences and charged lepton masses along with the
mixing angles to the c parameters and the O(1) Yukawa couplings. More details of the fit can be
found in [28]. For the standard RS set up, ǫ ∼ 10−16, we find that to reproduce the atmosphere
neutrino mass scale, O(0.03) eV we need a cL ∼ 1.3. We have chosen the O(1) Yukawa coupling
Y ′ to be 1. Such c values for the lepton doublets make it difficult to fit simultaneously the charged
lepton masses7. The charged lepton mass matrix is given as
mij = (Y
′
E)ijNLiNEjǫcLi+cEj−1 (22)
where NL,E have the same form as Eq.(7) and the dimensionless O(1) Yukawa coupling for a brane
localized Higgs is defined as Y ′E = 2kYE . The required bulk mass parameters for the charged
lepton fields, cE turn out to be large and negative. This introduces a host of other problems like
non-perturbative Yukawa couplings etc. On the other hand, changing the warp factor will not have
much impact on the results. For example, for a ǫ ∼ 10−2, we find that cL values required are even
larger.
A simple solution would be to disentangle the Higgs fields responsible for neutrino masses and
charged leptons by introducing an additional Higgs doublet as in a two Higgs doublet model. We
denote the Higgs doublet generating the Dirac neutrino masses by Hu and the other as Hd. Hu is
7 Such a situation was also encountered in the case neutrinos get their masses through higher dimensional lepton
number violating operator [28].
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localised on the IR brane where as the Hd is a bulk Higgs field, whose localisation is fixed by the
charged lepton masses. The Yukawa part of the lagrangian is now given as
LY uk ⊂
∫
d4xdy
[(
δ(y − πR)YN L¯HuN + YEL¯HdE . . .
)]
(23)
As before, the neutrino masses are given by Eq.(19) with H replaced by Hu. To determine the
charged lepton mass matrices with a bulk Higgs, we briefly review the the derivation for the profile
equation as well as the Yukawa couplings for a bulk Higgs.
For a bulk scalar field in a warped background, the presence of zero modes requires the addition
of brane localized mass terms. For the bulk field Hd, the action is given as [31, 32]
S =
∫
d4xdy
√−g [∂MH∗d∂MHd + [m2Hd + 2bk (δ(y) − δ(y − πR))] |Hd|2] (24)
where we parametrize the bulk mass as m2Hd = ak
2 with a, b being dimensionless quantities. Ideally
one would expect them to be O(1). The zero mode profile for a bulk scalar is given as
f
H
(0)
d
=
√
kπRζHde
(b−1)ky (25)
where the normalization factor ζφ is given as
ζHd =
√
2(b− 1)
ǫ2(1−b) − 1 (26)
The brane parameter b must be tuned to be b = 2±√4 + a to satisfy the boundary conditions for
the zero modes. b > 1(b < 1) implies the zero mode of the Higgs is localized towards the IR(UV)
brane.
For a bulk Higgs the fundamental Yukawa couplings YE have mass dimension -1/2. After
performing the KK expansion and integrating over the extra-dimension the zero mode mass matrix
for all charged leptons in general is given as 8
mij = vd(Y
′
E)ijζHdNLiNEj
(
ǫ
(cLi+cEj−b) − 1
b− cLi − cEj
)
(27)
where we have defined the dimensionless O(1) Yukawa coupling as Y ′E = 2
√
kYE and the normal-
ization factor Ni is defined in Eq.(7). The corresponding O(1) parameters for the up and the down
sector quarks are denoted as Y ′U and Y
′
d respectively.
8 The down type quarks have the same form of the mass matrix as the charged leptons while the up type quark
mass matrix is similar to Eq.(22).
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The ratio of the vev of the two Higgs doublet is defined as tanβ = vu
vd
. We choose tanβ = 10
for illustration. While Hu is localized on the IR brane, Hd is localized near the UV brane (b < 1).
Fitting Eq.(19) for small neutrino masses require c value for the doublet to be ∼ 1.3. Corresponding
to this and fitting Eq.(27) for the charged leptons we choose b = 0.3. We find that the electron
mass can be conveniently fit by choosing cER ∼ 0.3 while the remaining charged leptons can be
fit by choosing a range 0.4 < c < 1 for the corresponding bulk mass parameters of the singlets.
Table[I] shows the range of c parameters obtained which fit the lepton masses and mixing angles.
For the leptonic case we assume normal hierarchy of neutrino mass eigenvalues. The magnitude of
O(1) Yukawa parameters in the leptonic sector i.e. Y ′N,E were chosen to be in the range [0.08, 4] to
fit the data. This configuration of Higges can also accommodate quark masses by the introduction
of 9 bulk mass parameters i.e cQ, cU , cd in Eq.(2). To fit the top quark mass, the third generation
top singlet require ctR ≤ −3.0 while the lighter generations including the third generation doublet
can be fit by choosing the corresponding c values to be 0.3 < c < 1. Table[II] shows the range of
c parameters for the hadronic sector which fit the quark masses and CKM angles. The magnitude
of O(1) Yukawa parameters for the quark sector were also chosen to lie between 0.08 < |Y ′a| < 4
where a = d, U .
parameter range parameter range
cL1 1.27-2.4 cE1 0.19-0.36
cL2 1.26-1.4 cE2 0.35-0.40
cL3 1.25-1.38 cE3 0.44-0.52
TABLE I: Range of c parameters which fit the lepton masses and mixing angles in the bulk two Higgs doublet
model with bulk Majorana masses. O(1) Yukawa parameters are chosen to lie between 0.08 < |Y ′| < 4.
Normal hierarchy is assumed for the neutrino masses.
parameter range parameter range parameter range
cQ1 0.39-0.57 cD1 0.30-0.49 cU1 0.67-0.79
cQ2 0.47-0.55 cD2 0.37-0.93 cU2 0.53-0.58
cQ3 0.502-0.507 cD3 0.68-0.97 cU3 −6.8 - −3.0
TABLE II: Range of c parameters which fit the quark masses and mixing angles in the bulk two Higgs doublet
model with bulk Majorana masses. O(1) Yukawa parameters are chosen to lie between 0.08 < |Y ′| < 4.
6. Nature has not yet spoken whether neutrinos are Dirac or Majorana. While theoretically
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we are prejudiced to consider that Majorana neutrinos are more natural as quantum gravity does
not conserve global symmetries, it is not uncommon to find examples where Dirac neutrinos can
exist even with lepton number violation. In the present work, using the RS set up, we presented
a scenario in which Dirac neutrinos can be obtained in the presence of lepton number violating
terms in the bulk.
We have considered lepton localisation purely with bulk Majorana mass terms. Bulk Dirac mass
terms are set to zero. This case leads to periodic KK modes similar to ADD models. Zero modes can
exist for particular values of the Majorana mass terms. In this case, the Majorana contribution can
be shown to be negligible leading to Dirac neutrinos. Phenomenologically, this model requires large
cE values for the bulk mass parameters which is problematic to fit charged lepton masses. A simple
extension in terms of two Higgs doublet model is presented where a good fit to neutrino masses
and charged lepton masses is simultaneously obtained. We have not commented about electroweak
precision constraints nor flavour constraints in this model as our focus has been purely on fermion
masses. Electroweak precision constraints are expected to be strong and one possible way out is
to consider a much larger gauge group and particle spectrum towards a custodially symmetric RS
model [33]. We expect that inclusion of both the Higgses should be straightforward. On the other
hand flavour is expected to be strong due to presence of new Higgs contributions. Fortunately,
one can utilise Minimal Flavour Violation (MFV) techniques to reduce flavour violation. For the
flavour symmetry group presented in Eq.(12), the Yukawa couplings transform as
YE ∼ (3, 1, 3¯) YN ∼ (3, 1, 3) (28)
The bulk mass parameters can be expressed in terms of the Yukawa as [34]
cL = I + αYEY
†
E + α
′YNY
†
N cE = βY
†
EYE cN = 0 (29)
where α,α′, β ∈ R. This leads to a strong suppression of flavour violation. A detailed analysis of
flavour violation in RS models with two Higgs doublets will be presented elsewhere [35]. The inves-
tigation of the fermion mass hierarchy in two Higgs doublets models and the resulting implications
is interesting enough to be considered in greater detail.
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